Retinal ganglion cells (RGCs) are the only output neurons of the retina, and their degeneration after damage to the optic nerve or in glaucoma is a well established system for studying apoptosis in the central nervous system. Frequently used procedures for assessing RGC number in retinal flat mounts suffer from two problems: RGC densities are not uniform across retinal flat mounts, and density measures may therefore not reflect total number, and flat mounts do not allow efficient use of tissue. To overcome these problems we developed a stereological method for efficiently assessing RGC number in cryostat sections of the retina. We empirically demonstrate that only ∼1:20 sections need be assessed to accurately estimate the total number of RGCs in the rat retina, providing ample tissue for additional studies in the same retina and saving considerably on more exhaustive sampling strategies. Using this method, we estimate that there are 86,282 ± 4759 RGCs in the normal Brown Norway rat retina. These counts match well with estimates of axon counts in optic nerve. In a pilot study of experimental glaucoma, we determined a reduction of RGCs to 53,862 ± 4272 (p < 0.05). The current technique should prove advantageous to assess neuroprotective strategies in these experimental models.
Introduction
Retinal ganglion cells (RGCs) are the sole projection relaying visual information from the eye to the brain by way of their axons in the optic nerve, and when these cells die, portions of the retina can no longer send visual signals to the brain. RGCs have been shown to die by apoptosis in various models of cell death such as optic nerve crush (Berkelaar et al., 1994) , optic nerve axotomy (Isenmann et al., 1997) , ischemia (Selles-Navarro et al., 1996; Guo et al., 2003) , anterior ischemic optic neuropathy (Bernstein et al., 2007) and glaucoma (Quigley, 1999; Huang et al., 2005a; Hanninen et al., 2002) . Quantification of RGC numbers is essential for assessing pathologic damage, pharmacological effects and protection, and a better understanding of disease mechanisms in the eye and optic nerve. * Corresponding author. Tel.: +1 617 573 4328.
E-mail address: cynthia grosskreutz@meei.harvard.edu (C.L. Grosskreutz).
Accurate quantification of in vivo studies requires clear and unambiguous identification of cell types within the retina. The fluorescent tracer Fluorogold has been established as an excellent marker of RGCs. When Fluorogold is injected into the superior colliculi of the brain, RGCs take up the dye by retrograde axonal transport (Selles-Navarro et al., 1996) . Over 90% of rat RGCs can be labeled by injection into the superior colliculus (Linden and Perry, 1983) .
Previous methods of RGC quantification and damage assessment have used calculations based on RGC density (Fukuda, 1977; Hou et al., 2004) , optic nerve axon counts (LevkovitchVerbin et al., 2002; Chauhan et al., 2002; Cepurna et al., 2005) , automated flatmount counts (Danias et al., 2002 (Danias et al., , 2006 , and fluorescent whole mount counting methods (Schlamp et al., 2001; Maeda et al., 2004; Park et al., 2001 ). We and others have previously applied stereological counts to retinal whole mounts, but these procedures are time consuming and require a significant investment of tissue and effort for a single counting output (Freeman and Grosskreutz, 2000; Hanninen et al., 2002; Bernstein et al., 2007) . A major consideration in RGC quantification is the requirement of an entire retina for processing, effectively limiting the use of any retinal tissue for further studies. We have adapted the method of stereological counting to retinal cross-sections to enable the combination with other analyses performed in retinal tissue sections such as immunohistochemistry, laser capture microdissection (LCM), and qPCR. This provides a powerful method whereby RGC counts can be correlated with specific biological readouts.
In the retina, there is a considerable degree of variability in RGC density, which makes estimates based on density alone difficult and susceptible to significant variations due to artificial swelling or shrinkage as a result of tissue preparation or disease processes. Stereology is an efficient, repeatable, and accurate counting method that overcomes some of these difficulties and intrinsic biases.
Stereology is a systematic and statistically unbiased counting method that does not depend on tissue size, shape, or distribution. It has been widely applied in neuropathological and anatomical studies for quantifying such things as the number of axons in nerve cross-sections (Larsen, 1998) , neurite outgrowth (Ronn et al., 2000) , synapses in various brain regions (Geinisman et al., 1996) , and neuronal loss (Gomez-Isla et al., 1997; Hyman et al., 1998; West et al., 2004) ; for review see (Gundersen et al., 1988; Schmitz and Hof, 2005) . In this study we have adapted the technique of unbiased stereological counting to estimate the total number of RGCs per retina in retinal cross-sections, and apply the technique to quantifying RGC death in experimental glaucoma.
Materials and methods

Animals
Adult male Brown Norway rats (300-450 g, Charles River, Boston, MA) were used in these studies. Animals were housed in covered cages and were fed with a standard rodent diet ad libitum, while kept on a 12-h light:12-h dark cycle. All procedures concerning animals were in accordance with the statement of The Association for Research in Vision and Ophthalmology for the use of animals in research.
Backlabeling of retinal ganglion cells
Anesthesia was induced using a mixture of acepromazine maleate (1.5 mg/kg), xylazine (7.5 mg/kg), and ketamine (75 mg/kg) (all from Webster Veterinary Supply, Sterling, MA). Deeply anesthetized rats were placed in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA) and the skin overlying the skull was cut open and retracted. The skull was leveled using the lambda and bregma sutures as landmarks. A burr attached to a dremel tool (Dremel, Robert Bosch Tool Corporation, Mount Prospect, IL) was used to thin the skull and an injector was lowered into the superior colliculus 5.3 mm posterior to bregma, 1.5 mm lateral to midline, and 4.8 mm ventral to the skull surface. Two microlitre of a 3% Fluorogold (Fluorochrome LLC, Denver, CO) solution in PBS with 10% DMSO was then injected slowly over 10 min. The procedure was repeated on the contralateral side of the brain, the skin closed with a 4-0 silk suture, antibiotic ointment applied to the wound, and the animal allowed to recover from anesthesia in its home cage (Huang et al., 2005a) . To ensure adequate backlabeling of RGCs, animals were allowed seven days for retrograde transport of Fluorogold before further experimental interventions (including induction of glaucoma). This backlabeling technique is effective for RGCs with normal transport, as would be expected prior to the induction of glaucoma.
Tissue preparation
For RGC counting, animals were sacrificed by CO 2 inhalation and subjected to intracardiac perfusion with PBS followed by 4% paraformaldehyde (PFA) in PBS. After perfusion, the eyes were postfixed in 4% PFA for 1 h and cryoprotected with serial sucrose dilutions. Eye-cups were frozen in optimal cutting temperature compound (OCT) (Tissue-Tek ® , Miles Diagnostic Division, Elkhart, IN) and sectioned in their entirety at 16 m. Approximately 450 sections/eye were mounted on Superfrost Plus slides (VWR Company, West Chester, PA), and stored at −80 • C. Tissue sections were incubated in a blocking solution of 1% bovine serum albumin for 1 h at room temperature, and then incubated overnight at 4 • C with a primary antibody specific for Fluorogold (1:200 Fluorochrome LLC). The sections were rinsed three times in PBS, incubated with secondary antibody (goat biotinylated anti-rabbit IgG (1:500, Vector Laboratories, Burlingame, CA)) for 1 h at room temperature, rinsed three times in PBS, and incubated in avidin-biotin-peroxidase complex (Vector Laboratories) in PBS for 30 min at room temperature. Coloration was performed in double distilled H 2 O containing diaminobenzidine (DAB) and hydrogen peroxide. Methyl Green (Vector Laboratories) was used to counterstain the nuclei.
Optic nerves were obtained from three control eyes, preserved in glutaraldehyde, embedded in EPON and semithin (1 m) sections obtained and stained with toluidine blue.
Stereological quantification of RGCs
Equipment
All stereological analysis was carried out by manually counting Fluorogold positive cells using the Olympus C.A.S.T. System (Version 2.3.1.2; Olympus, Albertslund, Denmark) composed of an Olympus BX51 microscope connected to an Olympus DP70 digital camera and a computer controlled X-Y-Z step motor stage ProScan (PRIOR Scientific, Rockland, MA).
Sampling principles
Unbiased stereological sampling is based on the principle that any RGC has an equal probability of being sampled independent of its location, size, and shape. It is unbiased in that the larger the sampling group, the more closely you approach the actual value (Gundersen et al., 1988) . By sampling select portions of the entire retina, we are able to create an informed, accurate, and high reproducible estimate of the total RGC number. This smaller sample pool must be representative, i.e. randomly selected and must be from a group composed of the region of interest, in this case the entire retina. This sampling technique allows a smaller, more manageable and tissue sparing sample group that accurately represents the total retina.
The area of interest (the RGC layer) was delineated on the Olympus C.A.S.T. System and a counting frame (see below for detail) was randomly placed within the RGC layer to mark the first area to be sampled. Systematic samples are then chosen over a defined and uniform interval through the entire delineated RGC layer as shown in Fig. 1 .
Counting principles
The optical fractionator (Gundersen, 1986; West et al., 1991) , the optical dissector (Bjugn and Gundersen, 1993) and the counting frame provide the rules for what profiles should be counted within the delineated counting area (Fig. 2) . The fractionator refers to a sampling scheme in which a predetermined number of sections over a uniform interval are selected from a known fraction. The optical dissector is a three-dimensional probe for direct counting of objects in a defined volume. Application of the counting frame (Fig. 2) , fractionator sampling scheme, and optical dissector are illustrated (Fig. 3 ) .
Random, systematic, and uniform sampling, through the retina in which the optical dissector is applied ensures that all RGCs have an equal possibility of being sampled, that all samples are randomly selected regardless of morphology, and that all counted samples are counted only once, preventing overestimation. RGCs were identified by Fluorogold backlabeling (immunostained and visualized with DAB), morphology and position in the retinal ganglion cell layer. DAB positive RGCs Fig. 2 . Application of the counting frame. By dividing a planar region into consecutively numbered frames, profiles can be counted and an accurate estimate obtained from a sample fraction. Frame 2 demonstrates the counting rules for an individual frame: All profiles within the frame are counted as long as they do not touch the exclusion line (solid line) that extends to infinity. All profiles within the frame, partly or completely, in addition to those touching the inclusion line (dashed line) are counted. To estimate the total number of profiles by counting one third of the population, every third frame would be counted after randomly starting with any one of the first three frames. This would result in the assessment of frames: 1, 4, and 7 (counting 5 profiles), 2, 5, and 6 (counting 3 profiles), and 3, 6, and 9 (counting 3 profiles). The mean of these three counts is 3.66, the correct number of one third of the population. Fig. 3 . Application of the optical dissector. The counting frame is applied in a randomly sampled area of the retina, than systematically moved and sampled throughout the entire section (Fig. 1) . At each sampled position the focal plane of the dissector is moved through the thickness of the section and RGC profiles were further identified when the DAB reaction product was present in a cellular distribution (i.e. cell body, excluded from the nucleus, processes) and at a level above the overall background staining in the inner nuclear layer.
In this study the first retinal section to be counted is chosen by using a random number generator (for a number between 1 and 10) and represents a known fraction of the entire retina. Following delineation of the region of interest, the RGC layer (Fig. 1) , every Nth section thereafter is sampled and counted, dependent on sampling intensity. In each sampled section RGCs are directly counted using optical dissectors (Fig. 3) in a uniform grid of x, y positions. The counting frame (Fig. 2) is placed at an initially random, then uniformly translated in steps (x, y) over each grid by the motorized microscope stage, systematically sampling throughout the entire section. Individual RGCs are directly counted when they lie within the area of the counting frame and meet the optical dissector counting rules as the focal plane is moved through the thickness of the section (Fig. 3) . Guard zones of 3 m at the top and bottom of the Z planes were utilized so that the counts were obtained in the central 10 m of the tissue section. Subsequent sections were selected systematically following a constant sampling intensity of every Nth section. In normal eyes, 5% of the region of interest (the RGC layer) on every Nth (N = 6, 12, 18, 24, 30, 36, 42, 48) section was counted. Since we expected at least a 30% loss of RGCs in the glaucoma eyes, we counted 10% of the region of interest (the RGC layer) of every Nth section (as opposed to 5% in normal eyes) in order to count approximately the same number of RGCs in normal and glaucomatous eyes. RGCs were directly counted through a known fraction of the delineated retina.
These sampling intensities were adopted to determine an acceptable coefficient of error (CE) (Glaser and Wilson, 1998) and coefficient of variation (CV) (Tandrup, 2004) calculated for both control and experimental eyes and computed from:
where Q is equal to the number of profiles counted within sampled fractions, CV(Obs) = S.D./mean, and CV(Biol) is biological variation. The coefficient of error is an expression of the precision of an estimate, while the coefficient of variation is a counted. The upper and lower planes of the section serve as exclusion areas, where profiles are not counted. Micrograph (A) displays the uppermost plane of the section, when an object first comes into focus. It is important to note that any profiles in focus at this upper plane are not counted. The focal plane is moved through the section from (A) to (D) and all RGCs that come into focus within the frame, obeying the counting frame rules (Fig. 2) , are counted. In micrograph (B), two RGCs are marked with asterisks and counted because they are within the frame, but not in contact with the two forbidden dashed exclusion lines or their extensions. Micrograph (C) displays the same two counted RGCs further in the focal plane of the section. Note two non-RGC cells marked by circles that are not counted, in addition to the RGCs marked by an X intersecting with the dashed forbidden exclusionary line, and therefore not counted. The plane is focused through the section until the end (D). In this 4 level example, the height of the dissector, h, from level (A) to (D) is 11 m.
relative measure of variation compared to the mean. For stereological sampling to be efficient the CE must be smaller than biological variation (∼10%).
Number estimation
The total number (N) of RGCs in the retina was estimated based on the stereological algorithm (West et al., 1991) :
where Q is the total number of RGCs counted within the dissector of sampled fractions, tf is the total number of fractions contained in the totally sectioned eye, and sf is the number of sampled fractions. Approximately 18-24 sample fractions were necessary to sample the retina in its entirety. Total axon number was estimated in normal optic nerves using the fractionator approach, counting axons in approximately twenty, 100 m 2 counting frames for each optic nerve.
Experimentally induced glaucoma
Unilateral elevation of intraocular pressure (IOP) was produced by injecting hypertonic saline into aqueous veins of Brown Norway rats, as previously described by Morrison et al. (1997) . Briefly, hypertonic 1.9 M saline was injected into limbal aqueous humor collecting veins of the left eye. The right eye served as a control. In cases where the IOP was not elevated within 2 weeks, re-injection was performed in a different episcleral vein. A maximum of 3 injections were performed.
Intraocular pressure determination
All IOP measurements in rats were performed with animals in the awake state between 10 a.m. and 2 p.m. to minimize diurnal variability in IOP. After applying a drop of 0.5% proparacaine local anesthesia, IOP was measured using a TonoPen XL tonometer (Medtronic Ophthalmics, Jacksonville, FL) (Moore et al., 1993) . Fifteen readings were taken for each eye and averaged. Baseline IOP was obtained on three consecutive days before the first saline injection, and three times per week thereafter. Animals were subjected to a 10 day period of elevated IOP exposure. IOP was considered elevated if the IOP was consistently greater than 35 mmHg at consecutive determinations. After IOP had been elevated for 10 days, rats were killed with CO 2 asphyxiation, and the eye-cups were collected for analysis. As an estimate of IOP exposure we integrated IOP with time, which takes into account both the length and the degree of IOP exposure. Integrated IOP was calculated as the area under the pressure-time curve (experimental eye-control eye), beginning with the day of the 1st saline injection. Animals were included in the analysis only if they had peak IOP > 40 mmHg and integrated IOP > 280 mmHg-days. The threshold of 200 mmHg-days has been reported to be the point at which RGC loss begins and after which RGC loss progresses rapidly (McKinnon, 2003) . All animals meeting these criteria were included in the analysis. Animals not meeting these criteria were not evaluated.
Statistical analysis
NCSS (NCSS Statistical Software, Kaysville, Utah) was used to perform all statistical analyses. Results are expressed as mean ± standard deviation. Paired comparisons were performed using a Student's t-test and significance assessed at the 0.05 level.
Results
Sampling intensity
A normal eye was used to determine the effect of sampling intensity on RGC estimation. Predetermined periodicity between sampled sections (Nth section counted) counted, Q, CE, CV, and total RGCs estimates are reported in Table 2 . All sampling intensities were within acceptable CE limits (10%), although estimates based on sampling intensities with CE values ≤8% (trials 1-4) demonstrate remarkable precision and accuracy. 5% of each retinal section was counted, but the total number of sections counted varied from 7 to 41 retinal cross-sections. By increasing sample size from 7 to 41 retinal cross-sections there is only a modest improvement in estimate accuracy. Even an increase of nearly four-fold in sampling intensity (trial 4 of 11 sections to trial 1 of 41 sections) does not significantly improve RGC estimates, but does considerably increase tissue preparation and counting time proportionally.
RGC estimates of normal eyes in Brown Norway rats
The stereological estimates for the total number of Fluorogold positive RGCs in a normal Brown Norway rat eye are shown in Table 1 , in addition to CE, CV, and Q values associated with RGC total estimates for 10 animals. 5% of the region of interest (the RGC layer) of every 18th retinal cross-section was counted, a mean of 221 RGCs were counted per eye for total RGC estimates. RGC counts ranged from 79,748 to 93,422 cells with a mean (±S.D.) of 86,282 ± 4759. This range of RGC counts demonstrates that the inter-animal variability is larger than the variability introduced by stereological estimation. Therefore, the power of the counting analysis will be improved by counting more animals rather than by counting more slides per animal. To provide an independent assessment of the accuracy of the RGC counts we performed stereological counting on retinal flat mounts and also prepared semi-thin sections of optic nerve and carried out stereologic axon counts on three normal eyes (estimates from ∼20, 100 m 2 fields). These estimates were 80,728 ± 3913 (n = 8) for flat mounts and averaged 92,068 axons (n = 3) ranging from 82,044 to 102,900 (S.D. = 10,707), comparing well with RGC estimates (mean 86,282), considering that one would expect 5000-10,000 more axons than RGCs backlabeled from the superior colliculus.
Elevation of IOP
IOP was surgically elevated in one eye of each rat with the fellow eye serving as a control. After 10 days, animals had a mean of 18.1 ± 0.9 mmHg in control eyes and a mean of 43.3 ± 1.4 mmHg in elevated IOP eyes. For inclusion in this study animals had to have a mean IOP > 40 mmHg and an integrated IOP > 280 mmHg-days. These strict criteria were used to minimize the variability introduced by IOP differences. Rats were killed after 10 days of elevated IOP.
RGC loss in experimental glaucoma
RGC counts, CE, CV, and percentage of cell loss per animal as a result of experimental glaucoma are reported in Table 3 . RGC counts in control eyes ranged from 78,000 to 93,600 with a mean (±S.D.) of 84,862 ± 5753, as previously reported for some eyes (Huang et al., 2005a,b) . In eyes with elevated IOP for 10 days RGC counts ranged from 51,100 to 63,029 with a mean of 56,837 ± 4272, indicating a 33% loss of RGCs (n = 8; p < 0.05).
Discussion
Quantification of RGC number in normal and diseased states of animal models is essential to better understanding mechanisms of RGC apoptosis and potential pathways for neuroprotection and regeneration. The present study describes Our lab has previously applied stereology to retinal whole mounts to estimate the total number of RGCs in Brown Norway rats and estimate a mean of 74,104 ± 4166 (±S.E.M.) RGCs (Freeman and Grosskreutz, 2000) which correlates well with our current estimates of 80,728 ± 3913 for whole mounts. Danias et al. have recently reported RGC estimates using automated counts of retinal whole mounts with a range of 57,978-88,131 (mean of 73,490) RGCs (Danias et al., 2006) . Although slightly lower, both estimates are well correlated with our current result of a range of 79,748-93,422 RGCs (mean of 86,282) estimated by cross-sectional stereological counting. The latter counts also correlate well with our own estimates of axon number in the optic nerve (mean 92,068).
Due to tissue thickness, weakly backlabeled RGCs may not be easily detected in whole mounts, whereas the immunostaining protocol for Fluorogold employed in cryostat sections likely enhances sensitivity of the technique. Use of the optical dissector, in which cells are rejected if present at the top of the counting chamber (initial optical plane) guards against double counting of split neurons in the cryostat sections. These estimates of RGC and axon number are lower than the mean count of 117,900 obtained by optic nerve axonal counts (Cepurna et al., 2005) . This variance may be due to multiple factors including age of the animals, projection of a small percentage of RGCs to the lateral geniculate nucleus, a small percentage of recurrent or branched axons, or strain and biological variability, as noted below.
When assessing RGC counts and cell loss of in vivo disease models, an important consideration is the genetic difference and resulting variation of RGC numbers between strains. In mice, a comparison between 38 recombinant strains revealed a large natural variation, more than 20,000 RGCs (range of 51,000-75,000), between various strains of mice (Williams et al., 1998) . Between Brown Norway and Wistar rats there is a 24,000 difference in total mean RGC counts (Wistar mean 97,609 and Brown Norway mean 73,490) (Danias et al., 2002 (Danias et al., , 2006 . Such large variance between strains brings to light the importance of efficient, accurate, and reproducible counting methods for precise estimations of RGCs, and use, whenever possible, of within animal or littermate controls.
Biological variation and RGC estimation are important considerations when one performs a power analysis and is determining sample size. The more accurate and reliable a counting method, the smaller the sample group needed to detect statistically significant differences. Cross-sectional stereological counting produces highly accurate and reproducible counts. Standard deviations were less than 7% of total RGCs mean in all animals, comparable to previous RGC estimates by axonal count (9%) (Cepurna et al., 2005) and whole mount counts (12%) (Danias et al., 2006) .
In addition to providing an efficient method of accurately assessing RGC number, the technique is advantageous because remaining cross-sections not used in estimating RGC numbers are available for any number of molecular and histological studies. In addition to the savings involved in not having to prepare additional animals for such studies, importantly, all collected data can be directly correlated with RGC counts from the exact eye. For example, we have previously coupled cross-sectional stereological counting with laser capture microdissection and qPCR analysis to demonstrate an upregulation of Caspase 8 and 9 mRNA in experimental glaucoma (Huang et al., 2005a) . We also applied the method of cross-sectional stereological counting as a tool for assessing RGC survival and neuroprotection in experimental glaucoma as a result of drug treatment. In glaucoma eyes treated with the calcineurin inhibitor FK506, stereological counting methods detected a 50% protection of RGCs (Huang et al., 2005b) .
Stereology principles, including the use of systematic random sampling in which each part of the total volume of tissue has an equal chance of being counted, often allows accurate estimation of total number even when only a relatively small fraction of the total volume is counted. Our data (Table 1) show, for example, that the count estimates do not further improve even when sampling fraction is increased four-fold from 4% (1 in 24) to 16% (1 in 6). Moreover, the counting rules preclude double counting from split cells and overcome potential bias introduces by differences in cell size, shape or orientation.
Previous techniques for quantifying RGC numbers and changes in experimental models were time consuming, potentially intrinsically biased, and required large tissue investments. By applying the technique of unbiased stereological counting, retinal cross-sections can be used for RGC estimation. Thus the technique of stereological counting in retinal cross-sections provides a powerful, efficient, and accurate tool with which to estimate the total number of RGCs per retina and preserve tissue for further analysis.
